Discrete RNA secondary and higher-order structures, typically local in extent, play a fundamental role in RNA virus replication. Using new bioinformatics analysis methods, we have identified genome-scale ordered RNA structure (GORS) in many genera and families of positive-strand animal and plant RNA viruses. There was remarkably variability between genera that possess this characteristic; for example, hepaciviruses in the family Flaviviridae show evidence for extensive internal base-pairing throughout their coding sequences that was absent in both the related pestivirus and flavivirus genera. Similar genus-associated variability was observed in the Picornaviridae, the Caliciviridae, and many plant virus families. The similarity in replication strategies between genera in each of these families rules out a role for GORS in a fundamentally conserved aspect of this aspect of the virus life cycle. However, in the Picornaviridae, Flaviviridae, and Caliciviridae, the existence of GORS correlated strongly with the ability of each genus to persist in their natural hosts. This raises the intriguing possibility of a role for GORS in the modulation of innate intracellular defense mechanisms (and secondarily, the acquired immune system) triggered by doublestranded RNA, analogous in function to the expression of structured RNA transcripts by large DNA viruses. Irrespective of function, the observed evolutionary conservation of GORS in many viruses imposes a considerable constraint on genome plasticity and the consequent narrowing of sequence space in which neutral drift can occur. These findings potentially reconcile the rapid evolution of RNA viruses over short periods with the documented examples of extreme conservatism evident from their intimate coevolution with their hosts.
INTRODUCTION
The genomes of many important animal and plant virus pathogens, such as hepatitis C virus (HCV), foot and mouth disease virus (FMDV), and potyviruses consist of singlestranded positive-sense ribonucleic acid. The inherent error-prone replication of these and other RNA viruses provides a distinct evolutionary advantage, allowing them to escape from innate defense mechanisms and acquired immune surveillance of the host, and to rapidly adapt to new cell types, tissues, or species (Moya et al. 2000; Baranowski et al. 2001; Weiss 2002 ).
Many events in virus replication involve structured RNA elements. For example, several viruses have evolved internal ribosome entry sites (IRESs), consisting of extensive regions of structured RNA, to recruit ribosomes for translation (Pelletier and Sonenberg 1988; Tsukiyama Kohara et al. 1992; Belsham and Sonenberg 1996) . Subsequent genome replication may involve interaction of the viral polymerase with structured RNA elements, often referred to as cis-acting replication elements (CREs), for transcription initiation (Xiang et al. 1997; Goodfellow et al. 2000; Joost Haasnoot et al. 2002; Mason et al. 2002) . In the latter stages of the replication cycle, RNA structures form packaging signals used during encapsidation of the genome into progeny virus particles (Schlesinger et al. 1994; Huthoff and Berkhout 2002) .
The application of increasingly advanced computational techniques has resulted in the prediction of similar structured RNA elements in these and other viruses for which no function has yet been defined (Simmonds and Smith 1999; Witwer et al. 2001; Tuplin et al. 2002) . Reverse genetic approaches to mapping structure and function of such elements can therefore provide important insights into the life cycle of RNA viruses (Evans 1999) . Similar structural prediction analyses suggest that many RNA viruses possess more extensive RNA structure. For example, Palmenberg has suggested that picornavirus genomes exhibit extensive folding resulting in the juxtaposition of the 5Ј-and 3Ј-termini (Palmenberg and Sgro 1997) . Our own studies of HCV and the distantly related hepatitis G virus or GB virus C (HGV/GBV-C) have provided evidence for a wide range of evolutionarily conserved defined RNA structures of unknown function (Simmonds and Smith 1999; Tuplin et al. 2002) .
In this study we have used large-scale thermodynamic prediction methods to investigate the occurrence of more extensive RNA structure in the genomes of the Flaviviridae and Picornaviridae. We discovered significant differences in the extent of structure between closely related genera in these families, and thus extended this analysis to include a wide range of animal and plant RNA viruses to determine what compositional or biological factors underlie these differences in RNA structure. Finally, we investigated the sensitivity of the predicted RNA structures to introduced neutral nucleotide substitutions, and thus the effect of sequence drift on the maintenance of large-scale internal RNA folding. Our results have fundamental implications for the understanding of virus replication and evolution.
RESULTS

Large-scale thermodynamic prediction of minimal free energy (MFE) on folding
MFOLD thermodynamic analysis was used to estimate MFEs of virus genomes and control sequences (Zuker 1989 (Zuker , 2003 . This method predicts the free energy of the most stable RNA secondary structure for a given sequence, the significance of the predicted folding being ascertained by comparison with the null expectation, that is, the MFE of sequence-order randomized controls. MFEs of 372 complete genome sequences of viruses from four genera of Flaviviridae and Picornaviridae (flaviviruses, hepaciviruses [HCV and related viruses] , HGV/GBV-C-like viruses, and pestiviruses; enteroviruses, aphthoviruses, teschoviruses, and hepatoviruses, respectively; listed in Materials and Methods) were compared with corresponding MFEs of 50 separate sequence order randomizations of each sequence segment using an algorithm that preserved dinucleotide frequencies (NDR; see below). MFE results were expressed either as MFE differences (MFEDs) , that is, the percentage difference between the MFE of the native sequence from that of the mean value of the 50 sequence order randomized controls, or as a Z score, which is the position of the MFE of the native sequence within the distribution of MFEs of the randomized sequences, expressed as the number of standard deviations from the mean value; thus, values between −2 and +2 fall within the range of 95% of their MFE values (Workman and Krogh 1999) . For analysis of RNA folding in different virus genera, Z scores of each 498-base fragment from each available complete genome sequence of viruses within the genus were computed, and combined to produce a composite distribution of Z scores. These were similarly calculated for control sequences: 57 human mRNA sequences, and complete genomes of bacteria (Escherichia coli, Archaeoglobus fulgidus) and large DNA viruses (eight herpesviruses and 13 poxvirus).
The mean Z score of the set of mammalian mRNA sequence fragments approximated to zero (0.027; MFED −0.2%; Fig. 1 ). The distribution of Z-score values corresponded closely to the null expectation, where the 95% percentile range of Z scores of −2.21-+1.8 was close to the expected values −2.0-+2.0 of unstructured sequences. The minor discrepancy was the result of a slightly skewed leftward distribution (S) of some Z scores toward lower values (S = −0.51), and a kurtosis (K) value of 0.9 (flattening of distribution). For the other control sequences (E. coli, A. fulgidus, large DNA viruses), mean MFEDs ranged from 1.1% to 2.7% (Z scores: −0.32-−0.72). In each case, distributions again were slightly skewed leftward (S values of −0.79, −0.40, −1.32, respectively) and showed flattened distributions (K = 2.0, 0.54, 8.1). The nonnormal distributions of MFEDs and Z scores from the large DNA viruses were caused by the presence of highly structured outlier sequences, which on inspection were found to originate from a self-complementary noncoding repeat region of HHV-8, and similar repetitive sequences in other herpesviruses (data not shown). It seems likely that structured nucleotide elements involved in transcriptional or translational control and genes for structured RNAs (see Discussion) contributed to the other slight deviations from normality in the bacterial and DNA virus sequence data sets.
The distribution of MFEDs in the control sequences was markedly different from those of certain genera of the two families of positive-stranded viruses analyzed (Fig. 1) . Remarkably, the entire distributions of Z scores (and MFEDs) from aphthoviruses, teschoviruses, hepacivirus, and HGV/ GBV-C-like viruses were shifted away from zero (mean Z scores: −2.58 [−4.98-−0.40], −0.90 [−3.98-+1.42 ], −2.5 [−5.77-+0.15] , and −3.80 [−7.70-−0.52], respectively). Examination of MFEDs for aligned genome fragments showed that predicted RNA structure was distributed throughout most of the genomes of these virus groups (Fig. 2) . It was notable that MFEDs of regions with known, functional RNA structures, such as the 5Ј-and 3Ј-UTRs, were generally little different from or frequently less than those of coding regions of these viruses. For example, the highly structured aphthovirus 5Ј-UTR and IRES had MFEDs of around 5%, lower than the 9.7% mean of the entire genome.
In stark contrast, distributions of MFEDs in the flavivirus, pestivirus, hepatovirus, and enterovirus genera centered around zero (mean Z scores: 0.39 [−3.09-+1.55] and −0.45 [−3.25-+1.53] ). Each of these distributions showed a slight leftward skew (S values ranging from −0.35 to −1.00). This was particularly marked in the enteroviruses, whose sets of MFED Z-score values included a second distribution of highly structured fragments corresponding to sequences from the 5Ј-UTR, 3Ј-UTR, and the CRE (arrowed in Fig. 1) .
In this study, we use the term Genome-scale Ordered RNA structure (GORS) to indicate the existence of widely distributed predicted RNA folding throughout the genomes of virus groups, such as the hepaciviruses and aphthoviruses (Figs. 1,  2 ). Other genera within the Flaviviridae and Picornaviridae, and the large DNA viruses, and bacterial and mammalian coding sequences analyzed were considered to lack GORS because their distributions of Z scores centered around zero.
Sequence randomization strategies
The use of thermodynamic methods, such as MFOLD, to predict RNA folding requires that the folding free energy (MFE) of test sequences are compared with sequence order randomized controls (Zuker 2003) . These controls, however, are not valid if they destroy certain nonrandom features of the native sequence. For example, disruption of naturally occurring biases in dinucleotide frequencies and positional differences in base composition in sequences of many eukaryotic organisms have been common sources of erroneous conclusions in previous studies (discussed in Workman and Krogh 1999; Rivas and Eddy 2000) . This is illustrated for sequences analyzed in the present study. Although sequence randomization of the human mRNA sequences using NDR produced a mean MFED of approximately zero (−0.02%), a mean MFED value of 5.0% was obtained when MFEDs were based on sequences scrambled using a method (NOR; Tuplin et al. 2002 ) that failed to FIGURE 1. Distribution of Z scores for RNA viruses and controls. Distribution of Z scores of the set of 498-base fragments of control sequences (row 1), and different genera within the Picornaviridae and Flaviviridae (rows 2,3). MFEDs were calculated using NDR for sequence randomization. Each observed distribution (bars) was overlaid with a symmetrical best fit normal distribution (solid black line); the Z-score = 0 value was highlighted by vertical bar. The arrow in the enterovirus panel indicates fragments containing highly structured RNA elements of known function (see text).
Genome-scale ordered RNA structure in RNA viruses www.rnajournal.org FIGURE 2. Distribution of MFEDs across the genomes of the Picornaviridae and Flaviviridae. Mean MFEDs for individual 498-base sequence fragments across the genomes of Picornaviridae (top row) and Flaviviridae (bottom row) genera that possess (Aphthovirus, Teschovirus, HGV/GBV-C, HCV) or lack (Hepatovirus, Enterovirus, Flavivirus, Pestivirus) GORS are shown. The mean value and variability between members of each genus (standard deviation) are shown as bars and lines, respectively. preserve dinucleotide frequencies (data not shown). To further investigate this and other potential artifacts associated with different sequence order randomization strategies, we used a range of alternative sequence scrambling methods that preserved other nonrandom characteristics of the sequences (Fig. 3) . One method we developed limits nucleotide exchange only to adjacent matched dinucleotide triplets (NDS) and thus retains any regional differences in base composition, as well as preserving dinucleotide composition. The use of NDS to scramble sequences of eight virus genera and control sequences produced MFEDs similar to those obtained using NDR (Fig. 3) . We also developed a new method (CDLR) for protein-coding sequences, in which codon composition and codon order were preserved, and which also retains dinucleotide frequencies, equivalent in effect to DicodonShuffle (Katz and Burge 2003) . CDLR, therefore, combines the attributes of two previously described methods, CLR and CDR, that could only maintain codon order and dinucleotide frequencies, respectively (Tuplin et al. 2002) . Despite the fact that CDLR is based on a quite different strategy from NDR, it produced equivalent results when used for sequence randomization of the coding sequences of the eight virus genera in the Picornaviridae and Flaviviridae (Fig. 3) .
Among other possible artifacts associated with MFED prediction, it is possible that the frequencies of higher-order combinations of bases were biased and influenced folding. To investigate this, we developed a new scrambling method that preserved tri-and tetranucleotide frequencies (NRR, NTR) through randomization or neighbor exchange of the central base, N, in the following 5-or 7-base contexts: abNxy or abcNxyz, where a-c and x-z represent matched bases surrounding the nucleotide to be exchanged (analogous to the exchange of N between matched aNx triplets for dinucleotide randomization). In sequences of 6000 nt (the maximum analyzable by MFOLD), the limited number of abcNxyz sites restricted possible divergence to 13% using the NTR method. Mean MFEDs of 6000-base, overlapping sequences spanning the HGV/GBV-C genome (genotypes 1-4) shuffled by NTR were 7.9% for the 5Ј-fragment and 10.9% for the 3Ј-fragment. These MFEDs were comparable to those obtained for the two genomic fragments using NDR (8.5%, 10.0%) or NRR (8.5%, 10.9%), where the extent of shuffling was limited to reproduce the degree of divergence achieved by NTR (13%). Therefore, MFEDs observed in the structured genera were not artifacts of triplet or higher-order sequence constraints that influenced RNA folding.
RNA structure in other viruses
To determine whether genus-specific differences in GORS were also found in other virus families, we carried out a large-scale survey of MFEDs of 512 complete genome sequences from a range of animal and plant viruses (Fig.  4) . Virus groups included each of the positive-stranded RNA virus families (including retroviruses and the Nidovirales), and negative-stranded or ambisense RNA viruses infecting vertebrates (listed in Materials and Methods). Genomic RNA structure was also investigated in the main groups of positivestranded RNA viruses infecting plants, divided into groups depending on the virion structure. Adding to our previous results, considerable variability was observed between the other genera in the Picornaviridae, and within the calicivirus family. Other positive-stranded viruses also showed evidence for GORS, particularly the Astroviridae, and members of the order Nidovirales. However, mean MFEDs were close to zero for all families within the Mononegavirales, and in the segmented bunyaviruses. Evidence for RNA structure in many families of plant viruses was also obtained, particularly those groups with icosahedral or rod-like morphology. For almost all virus families or genera showing evidence for GORS, MFEDs of the positive strand (corresponding to genomic sequences for the majority of viruses analyzed) were greater than those predicted for the sequence in reverse complementary orientation (corresponding to the replication intermediate; Fig. 4 ). For example, mean MFEDs of genomic RNA sequences for hepaci-and HGV-like genera in the Flaviviridae were two to three times greater than the reverse complementary sequences (8.5% and 12.9% compared with 4.6% and 4.0%, respectively). Similar discrepancies in MFEDs between sense (coding) and antisense strands were found in structured viruses within the Picornaviridae (particularly koboviruses and aphthoviruses), vesiviruses, and several genera and/or families of icosahedral plant viruses.
Correlates of GORS in positive-strand RNA viruses
The thermodynamic analysis carried out on this large number of viruses provided an extensive data set with which to investigate correlations between MFED and sequence composition parameters that varied between viruses (for comparison of mean values of complete genome sequences, >650 paired values for each parameter were available for analysis). The variables considered included MFE and MFE differences between sense and antisense sequences, frequency of each base, G+C composition, purine and pyrimidine composition, dinucleotide frequencies, and composition mismatches between complementary bases. Consistent with previous observations (Rima and McFerran 1997) , all of the animal and plant RNA virus groups analyzed showed variable degrees of underrepresentation of the CG and UA dinucleotides and marked overrepresentation of CA and UG (all generically pyrimidine/purine; Y/R), comparable to those observed in the set of human mRNA sequences (R = 0.95; p = 5 × 10 −7 ). The degree of each YR bias was generally specific to individual virus genera or families, and showed no correlation with MFEDs, either when compared by fragment, by complete virus genome, by family, or by any other higher-order grouping of viruses (data not shown). The use of a scrambling method that preserves dinucleotide frequencies (see Materials and Methods) in the calculation of MFEDs further guaranteed that this variable did not influence our analysis of GORS differences between viruses.
As expected, MFEs showed an inverse correlation with G+C content (R = −0. ), with outliers being those with marked MFEDs (such as some members of the Flaviviridae and Picornaviridae that have greater MFEs than expected from their G+C contents), and those with gross differences in frequencies of complementary bases, leading to lower MFEs than expected from G+C content (such as tymoviruses and marifiviruses, many of which showed genomic compositions of 41%-42% C and <20% G residues). No other associations between MFEDs or other composition or thermodynamic folding variables were detected on analysis of the RNA virus data set taken as a whole, specifically within animal or plant viruses, or within individual orders (data not shown).
RNA structure and virus persistence
Because GORS was not universally present in all genera of, for example, the Picornaviridae and Flaviviridae, we considered that it was unlikely to function in fundamentally conserved aspects of the virus replication strategy. For example, all picornaviruses exhibit IRES-mediated translation and share a common replication strategy involving known structured elements in the 5Ј and 3Ј noncoding regions and a variably located CRE (Rohll et al. 1995; Xiang et al. 1997; Goodfellow et al. 2000) . RNA structures involved in these translation and replication functions, therefore, cannot account for the observed differences in GORS between the aphthoviruses and enteroviruses. Instead, we considered that GORS may be associated with virus phenotypes that differ between genera. Preliminary analysis revealed certain general correlations; GORS was absent from many mammalian or plant virus families with helical nucleocapsids, suggesting that the association with nucleocapsid proteins limits or restricts the need for this type of RNA structure. The apparent exceptions, the coronaviruses, criniviruses, and tobacco mosaic virus, which possess both helical nucleocapsids and GORS (Fig. 4) , are notable in that they all expose single-stranded RNA during replication. This suggests that a helical nucleocapsid per se is not incompatible with the extensive RNA structure we propose, but that genomic exposure to the cellular environment may be a determining feature.
To investigate if there was a correlation between MFEDs and the ability of different virus genera to persist in their natural hosts, we classified different genera from the flavivirus, picornavirus, togavirus, HEV-like, and calicivirus families into those capable of establishing persistence and those in which infection was acute and self-limiting in an immunocompetent host (Fig. 5) . We accept that a simple, two-way division of viruses into persistent and nonpersistent is overly simplistic, and that outcomes of infection can vary depending on the maturity and functional capacity of the immune system of the affected host. However, following the criteria described in Materials and Methods, there was a clear association between MFEDs and their classification as persistent or nonpersistent. Without exception, mean MFEDs (NDR) of genera of nonpersistent viruses were lower than those of persistent viruses (Fig. 5) ; mean MFED values of 2.2% (range 1.0%-3.9%) for the 10 nonpersistent genera were significantly lower than those of the five per- 
The influence of GORS on virus evolution
Irrespective of the biological function of GORS, or whether indeed the primary purpose of the sequence ordering we have observed is to promote RNA folding in the way that is conventionally modeled, the maintenance of GORS must be a significant factor that limits the diversification of structured RNA viruses.
To investigate the extent of these limitations, we artificially mutated coding sequences of each genotype of HCV, HGV/GBV-C, and aphthovirus (n = 6, 4, and 4, respectively), using an algorithm that introduced random changes into the sequence but preserved specific characteristics of naturally occurring virus diversity within each group (including the ratio of synonymous to nonsynonymous substitutions, transition/transversion ratios, and base composition at first, second, and third codon positions; Kimura 1983). Sets of 10 independently mutated sequences were generated, each differing from the original by a range of sequence distances. For example, HCV sequence sets differing from the starting sequence by 2%, 5%, 8.8%, 12%, 15%, 25%, and 33% were generated. The sequence distances of 8.8%, 25%, and 33% corresponded to the mean differences within genotype 1b, between subtypes, and between genotypes, respectively.
Despite the close match of the introduced sequence changes to expected neutral evolutionary drift, the introduced sequence changes dramatically reduced MFEDs in each virus group (Fig. 6 ). This reduction was apparent even in sequences differing by only 2% from the original sequence (mean MFEDs were 76%, 74%, and 75% of those of the original native sequences of HCV, HGV/GBV-C, and FMDV, respectively), whereas much greater reductions were observed for each virus at 5% (53%, 48%, and 57% of original values). At divergences of >10%, MFEDs approached those of unstructured RNA viruses, DNA viruses, or bacterial genomes (Fig. 6) . The initial gradient of the reduction in MFEDs with divergence provides an indirect indication of the contribution of individual or specific bases to RNA structure; the very rapid decline even at the 2% divergence level suggests a large proportion of individual nucleotides are involved in RNA structure formation.
DISCUSSION
Detection of GORS in RNA virus genomes
Defined RNA secondary and higher-order structures have fundamental roles in cell biology, including transcription initiation, elongation, and termination; translation (both in the formation and control of the ribosomal machinery); RNA localization; splicing; transport; stability; and catalytic activity. Where defined, these functions are usually ascribed to structured RNA elements essentially local in extent. RNA viruses generally have small genomes and must control genome replication and protein expression and, as obligate intracellular parasites, need to interact with the cellular biosynthetic machinery for these processes. To date, the structured RNA elements identified as being involved in these processes are usually discrete, usually involving short-range Watson-Crick base-pairing in an otherwise essentially unstructured genomic environment.
In contrast, we present evidence for the existence of a very distinct biological phenomenon in the genome of some positive-sense, single-stranded RNA viruses. This characteristic, the presence of extensive tracts of RNA structure as defined by the application of whole-genome thermodynamic analysis, we term genome-wide predicted RNA structure (GORS). In viruses that possess GORS, the thermodynamic stability-and hence distribution of structured RNA-is significantly greater than the discrete, highly ordered structures that function during genome replication and translation. For example, prior to this analysis, the most extensive characterized region of secondary RNA structure in the Picornaviridae was a 300-450-nt region of the 5Ј-UTR responsible for the recruitment of ribosomes for translation. In those genera that lack GORS, but use an IRES (e.g., enteroviruses and pestiviruses), the genome segments that span the IRES are clearly visible in the Z score and MFED distributions (Fig. 1) of RNA folding. In contrast, the known structured IRES elements of GORS-possessing genera (e.g., aphthoviruses and hepaciviruses) are completely obscured in the Z-score analysis, reflecting the significantly greater level of RNA structure throughout the genome. This is clearly evident from comparison of the genomic MFED distribution of enteroviruses with aphthoviruses or pestiviruses with HCV in Figure 2 . In the majority of the genera analyzed that possess GORS, the MFED levels were broadly similar throughout the genome. However, the teschoviruses (Fig. 2) display an intriguing switch from low to high MFEDs located near the junction of the capsid-encoding region of the genome, an area associated with recombination events that are common in the Picornaviridae. Further detailed analysis of the distribution of MFEDs in virus genomes may uncover unsuspected relationships that reflect the evolutionary history or aspects of the replication strategy of the virus.
The apparent differences in GORS between virus genera and families is consistent with previous analyses of these groups using other RNA prediction methods. For example, phylogenetic covariance analyses of discrete stem-loop structures in members of different picornavirus genera revealed a greater number of predicted structures in the coding regions of aphthoviruses, cardioviruses, and teschoviruses than in other genera of picornaviruses such as enteroviruses, hepatoviruses, and parechoviruses (Witwer et al. 2001) . Similarly, several stem-loops have been predicted in the coding regions of the HCV and HGV/GBV-C genomes by covariance analysis (Simmonds and Smith 1999; Tuplin et al. 2002) , but none was apparent in an alignment of pestiviruses (Tuplin et al. 2002) , concordant with an absence of GORS in these viruses (Fig. 1) .
The existence of GORS is not a consequence of the application of an inappropriate scrambling strategy that distorts any of the known fundamental organizational principles of the nucleic acid sequence. We were careful to use a range of sequence-order scrambling approaches that avoided disturbing di-, tri-and tetranucleotide frequencies, coding sequence order, or-in the CDLR method-retained both dinucleotide frequencies and coding sequence order. When present, GORS was clearly apparent, irrespective of the scrambling strategy used (Fig. 3) . To facilitate comparison of coding and noncoding regions, or comparative analysis of complete genomes with varying amounts of coding capacity, we standardized on a randomization strategy (NDR) that was applicable to all sequences. The absence, in an extensive data set of RNA viruses (Fig. 4) , of any correlation between the presence of GORS and a wide range of composition variables including G+C content, mismatches in base frequencies, and biases in dinucleotide constitution is further evidence that the significant differences we observe in MFEDs were not artifacts of the scrambling methods used to generate the sequences (Workman and Krogh 1999; Rivas and Eddy 2000; Tuplin et al. 2002) .
Possible function of GORS in virus persistence
Eukaryotic cells possess a formidable array of innate defense mechanisms, operating at a more fundamental level than the acquired immune system of vertebrates. Most antiviral response pathways in animals and plants recognize viruses by the presence of dsRNA sequences in the cytoplasm, frequently through interaction with a family of structurally related dsRNA-binding proteins (DRBPs; Levy and GarciaSastre 2001; Girardin et al. 2002; Saunders and Barber 2003) . Although the mechanism of substrate recognition is shared (typically to A-form double-helix RNA of minimum length of 11-16 bp), DRBPs are coupled to a wide range of antiviral, effector pathways. In vertebrates these include the protein kinase dsRNA-dependent (PKR)-mediated induction of apoptosis and modulation of the interferon response pathways, and activation of oligoadenylate synthetase resulting in RNAse L production and consequent cytoplasmic RNA cleavage (Player and Torrence 1998) . Perhaps more fundamental, being shared by plant and animal cells, is the production of small interfering RNA (siRNA) by Dicermediated cleavage of dsRNA and the resulting targeting and destruction of complementary RNA sequences by an siRNA-armed RNA-induced silencing complex (Bernstein et al. 2001; Martinez et al. 2002) . The efficacy and importance of these innate defense strategies is emphasized by the range, ubiquity, and sophistication of the mechanisms viGenome-scale ordered RNA structure in RNA viruses www.rnajournal.org ruses have evolved to evade or subvert their action, reflecting the intensity of past evolutionary battles between viruses and the organisms they infect (Levy and Garcia-Sastre 2001; Katze et al. 2002) . Evasion mechanisms may prevent recognition of dsRNA (Imani and Jacobs 1988) or inhibit steps in response or effector pathways. Typically, even the small RNA viruses described in this study may contain a battery of evasion measures, variously inhibiting the activation of PKR, inhibition of IFN response pathways (IRF-3, Grb-2, and JAK-STAT; Goodbourn et al. 2000; Tan and Katze 2001; Foy et al. 2003) .
The ability of certain viruses to persist in the host demonstrates the capacity to defeat or circumvent both innate defenses and immune system responses. The association of GORS with virus persistence suggests that the formation of extensive RNA secondary structure plays a role in the evasion of cell defenses, potentially by facilitating escape from innate responses induced by certain structured RNAs. It is not clear why cellular structured RNAs such as ribosomal RNA and tRNA do not trigger dsRNA-induced cellular responses, and it is possible that GORS has evolved as a mechanism to conformationally mimic cellular structured RNAs, for example, by the formation of stem-loop configurations that are not recognized by DRBPs. An alternative scenario is that GORS is functionally analogous to the abundant, short, structured viral RNA transcripts that competitively inhibit induction of the PKR-mediated antiviral state (for review, see Goodbourn et al. 2000) . The adenovirus VA I , Epstein-Barr virus EBER, and HIV-TAR transcripts (Gunnery et al. 1990; Sharp et al. 1993; Mathews 1995) are thought to bind avidly to PKR, so preventing dimerization and consequent translational suppression and stimulation of cytokine production and apoptosis (Clemens and Elia 1997) . Understanding the molecular basis of this evasion will require more information on mechanisms of dsRNA recognition, and the differentiation of viral RNA sequences from other structured elements in the cytoplasm.
Interestingly, persistent and nonpersistent viruses also differ in the extent of their dinucleotide frequency biases, with those causing acute infections showing patterns of under-and overrepresentation comparable to those of host cells (Fig. 5) , similar to that in other nonpersistent virus families and orders (such as the Mononegavirales). Selection for a different pattern of dinucleotide bias in persistent viruses may reflect further interactions with the host cell. Although there are clearly several factors contributing to the development of large-scale RNA structure in virus genomes, the strong association between MFEDs of mammalian RNA viruses with persistence provides a new insight into the complex field of virus/host interactions, and allows several experimentally testable hypotheses to be made (such as the effect on IFN induction and RNA interference following transfection of structured and unstructured RNA sequences in animal and plant cells).
We are presently investigating the nature of the RNA structures that form in GORS-rich genera to determine whether they form static, ordered structural elements or, as we favor, a dynamic structured environment that can readily accommodate the unwinding, elongation, and exposure of different regions of the genome during the replication cycle. Of particular interest is the marked differences in strand-specificity of MFEDs (Fig. 4) ; HCV, HGV/ GBV-C, and aphthoviruses exhibit two to three times greater MFEDs in the genomic (sense) strand than the antisense orientation, whereas the coronaviruses (Fig. 4) and bacteriophage alleloviruses (data not shown) have high levels of MFEDs in both sense and antisense orientation. This may reflect differences in the replication strategies of these viruses.
Evolutionary implications of GORS
The results from the simulated evolution experiments contrast strikingly with the preservation of MFEDs during the evolution of HCV in vivo. For example, MFEDs are conserved between genotypes (and between subtypes of HCV), and between epidemiologically unlinked variants with genotypes of each virus family (Fig. 6) . The retention and narrow range of MFEDs in individual virus genera (including viruses as diverse as GBV-B in the hepaciviruses, and GBV-A in the HGV-like genus) indicate that GORS is an evolutionarily conserved feature, and therefore likely to be a significant factor in fitness optimization in these virus groups. The extreme sensitivity of MFEDs to experimental drift indicates that the fitness space around naturally occurring structured viruses is therefore correspondingly narrow and rugged. This has several important implications for the evolution of structured RNA viruses. Firstly, the pathways followed on natural sequence drift must be extremely constrained, and lead to substantial homoplasy and sequence convergence, which can be studied experimentally. For example, HCV variants infecting different individuals 20 yr after exposure to a shared source of genotype 1b infection (Power et al. 1994 ) each provides independent examples of how HCV could have achieved their current divergence (4%) while maintaining RNA structure. Indeed, specific comparison of these sequences with those derived through computer-simulated neutral drift will provide novel insights into constraints operating in vivo, and, more mechanistically, how RNA structure is maintained during virus diversification. Secondly, the GORS restriction on sequence drift greatly complicates the use of a molecular clock to predict times of divergence, as no assumptions can be made about the number of neutral sites or the limitations on sequence change at variable sites. Similarly, the existence of paired and unpaired bases in a sequence, as well as variable restrictions on the introduction of covariant and semicovariant substitutions in RNA structures, adds several new dimensions of complexity to distance calculations that allow for rate dif-ferences in individual base changes, and at different codon positions (Yang 1993) . The constriction of sequence space of viruses with GORS implies that many of the branches evident on phylogenetic analysis of contemporary sequences that define virus species, genotypes, or genera occurred at remote times in the past. GORS may thus underlie the extremely limited sequence divergence of HGV/GBV-C variants infecting different human racial groups, whose geographical distribution suggests that they coevolved in modern human populations after their emergence from Africa 100,000-150,000 years ago (Tanaka et al. 1998) . The similar sensitivity of GORS to sequence drift is consistent with the hypothesis that genotypes of HCV and FMDV arose over an equivalent or even greater timescale.
MATERIALS AND METHODS
Data sets
Nucleotide sequences (n = 916) were downloaded from GenBank and bear the following accession numbers:
Sequences used for the comparison of different genera of the Flaviviridae and Picornaviridae, and control DNA sequences (Figs. 1, 2, 3) Sequence divergence between each included member of the data set was >5%, and typically included at least 10 sequences for clustering and phylogenetic analysis. As at least 95% of the genomic sequences of large DNA viruses and bacteria are transcribed, thermodynamic prediction of RNA folding in large DNA viruses and bacteria was based on their complete genomic sequences as their calculated MFEs would be predominantly determined by secondary structure in RNA transcripts.
Sequence order randomization and compositional analysis
All sequence order randomization methods were carried out using the SIMMONIC sequence editor package (Simmonds and Smith 1999) . Methods used included those that preserved the dinucleotide frequencies (NDR) and CDLR, which combined the features of NDR and a method previously developed that preserves codon order (CLR; Tuplin et al. 2002) . In addition, we have implemented algorithms that randomize nucleotide sequence order, while maintaining tri-or tetranucleotide base frequencies (NRR, NTR). To generate the required information on variance required for calculation of Z scores in finite time (Workman and Krogh 1999) , computation time was reduced by following a strategy of dividing genomes into sequential segments of 498 bases overlapping its neighbors by 249 bases. Mean MFED values and Z scores could be calculated for the whole genome; alternatively, mean values for each 498-base segment across the genomes of several viruses could be computed. Base and dinucleotide frequencies for sequences analyzed for MFE were determined using programs within the SIMMONIC editor package (Simmonds and Smith 1999) .
Calculation of minimal free energy differences (MFEDs)
All folding free energy (MFE) calculations were determined using MFOLD version 3.1 (http://www.bioinfo.rpi.edu/∼zukerm/), using the implementation available in the program ZIPFOLD, which allows MFEs of large numbers of RNA sequences to be determined rapidly. Sequence submission and result retrieval were automated using perl scripts with a backend MySQL database to facilitate handling the large data sets for Z-score statistics (∼25 million individual sequence submissions to the ZIPFOLD file server). Statistical analysis was carried out using SYSTAT (http://www.systat. com/).
Simulation of random sequence drift
The introduction of defined numbers of nucleotide substitutions into a viral sequence that reproduced characteristics of naturally occurring variants of the virus under a neutral model (Kimura 1983) was carried out using the Mutate program in the SIM-MONIC package (Simmonds and Smith 1999) . This program allows the degree of sequence divergence, the relative numbers of synonymous and nonsynonymous substitutions, and of transitions and transversions to be specified, thereby reproducing frequencies observed naturally and maintaining the base composition of the native sequence.
Classification of viruses as persistent or nonpersistent
Genera from the flavivirus, picornavirus, alphavirus, HEV-like, and calicivirus virus families were chosen for this analysis because they contained both sufficient complete genome sequences from several genera and information on outcome of infection. Virus genera were collectively classified as persistent (capable of establishing long-term, chronic infection in their natural hosts), and nonpersistent (acute, self-limiting infections in immunocompetent hosts, i.e., excluding neonatal infection).
In the flaviviruses, the hepacivirus and HGV-like genera are classified as persistent, whereas infections with the pestiviruses and flaviviruses were classified as nonpersistent. In the four genera of Caliciviridae, vesiviruses are known to establish systemic and persistent infections, whereas the noroviruses, lagoviruses, and sapoviruses do not. The Picornaviridae can be similarly classified into genera that cause persistent disease in the appropriate host (aphthoviruses, cardioviruses) and those that are nonpersistent (enteroviruses, hepatoviruses, parechoviruses). The ability to establish persistent infections in the recently identified and classified kobuGenome-scale ordered RNA structure in RNA viruses www.rnajournal.org and teschoviruses is not known. The other virus groups included in the analysis were the nonpersistent viruses, HEV and the alphavirus genus within the Togaviridae. Viruses classified as Coronaviridae or Ateriviridae vary in their persistence in their natural hosts and in the extent of their predicted RNA folding. However, few complete genome sequences are available from members of these groups, and information on the specifics of their virus/host interactions is not available in most cases. For these reasons, we have not included MFED results from this virus family in the comparison of GORS with persistence, although the observation of substantial MFEDs in coronaviruses such as murine hepatitis virus is consistent with the association found in other virus families.
